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A Glow Discharge 
Anemometer 
A glow discharge at atmospheric pressure 
is responsive to air velocity, and may be 
used as an anemometer. The properties of 
such a glow are discussed in this paper, and 
data relating to glow current, voltage, glow 
length, and air velocity are presented. It 
is also shown that the glow discharge re­
sponds to rapid fluctuations in air velocity 
and is therefore a practical device for 
investigating turbulence. A comparison 
of such an anemometer with the previously 
used hot wire method is given. 
By 
FREDERICK C. L I N D V A L L Ca l i fo rn ia Institute o f 
A S S O C I A T E A . I . E . E . T e c h n o l o g y , Pasadena 
D 
•%ECENT aerodynamical research of 
both theoretical and experimental nature has in­
dicated the important influence which air turbulence 
has on wind tunnel measurements. Experimental 
quantities, the lift and drag coefficients, are mate­
rially affected by the existence of small fluctuations 
superposed on the measured stream velocity. More­
over, these fluctuations in velocity, constituting 
turbulence, are characteristically of relatively high 
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1. For all numbered references see list at end of paper. 
frequency and random nature, so that their presence 
is not indicated by air speed meters, manometers, 
or other velocity measuring devices involving inertia. 
Accordingly a need exists for methods of studying 
such turbulence both quantitatively and qualita­
tively. 
Numerous schemes for meeting this need have 
been proposed and investigated heretofore, only one 
of which, the hot wire anemometer, satisfies at all 
well the aerodynamical requirements. This device, 
ostensibly simple and relatively satisfactory, consists 
of a fine wire heated electrically by current flow and 
subjected to the variable cooling induced by the 
velocity fluctuations in the moving air stream. The 
corresponding variations in voltage drop of the wire 
are amplified to measurable proportions for oscillo­
graphic study or direct meter indication. 
DIFFICULTIES INHERENT IN 
HOT WIRE ANEMOMETER SCHEME 
Inherent in this scheme are 2 fundamental difficul­
ties, compensation and calibration, both of which 
are surmountable but not without the introduction 
of some ambiguity into the results. Since ordinary 
turbulence has a frequency spectrum rmich like that 
of acoustic noise, compensation is essential because 
the hot wire response s much greater for low fre­
quency velocity fluctuations than for those of high 
frequency. In order to obtain something approxi­
mating a faithful reproduction of turbulence a dis­
torting circuit must be employed in the amplifying 
equipment, the characteristics of which are dictated 
by the various factors contributing to the "lag" of 
the wire. The lag characteristics of the wire are, 
in turn, determined from a theoretical analysis 
necessarily involving assumptions and approxima­
tions. Such procedure is a rational one and neces­
sary; but, it is unfortunate that no standard turbu­
lence exists nor has any velocity fluctuation thus far 
been devised whose characteristics, in magnitude 
and quality, are "known without serious ambiguity 
to serve as an over-all check on the fidelity of the 
hot wire apparatus except for very low frequencies. 
Moreover, the fairly obvious test which may be made 
of compensation by passing through the wire a heat-
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fag current containing an alternating component of 
known frequency gives only a partial verification 
since conditions under which the wire operates for 
tiiis measurement are not equivalent to those en­
countered in actual use as an anemometer. Then 
too, this compensation necessarily influences cali­
bration, that is, affects the interpretation of amplifier 
output measurements in terms of actual or relative 
velocity fluctuation. The method of computing 
magnitudes of turbulence from hot wire observa­
tions is, of course, not relevant to the present paper. 
Significant, however, is the fact that compensation 
and calibration are both functions of average air 
speed, a circumstance which increases both the ex­
perimental work and the subsequent reduction of 
data. 
THESE DIFFICULTIES NOT ENCOUNTERED 
IN THE GLOW DISCHARGE ANEMOMETER 
Thus, despite the many desirable attributes of 
the hot wire anemometer and the excellent work 
which it has made possible, the thermal lag of 
the wire introduces difficulties which have stimu­
lated a search for other means of studying turbu­
lence. This quest has led to a new electrical method 
employing as its sensitive element a minute glow dis­
charge. Such an electrical discharge at atmos­
pheric pressure is characterized principally by a 
cathode glow a few thousandths of a centimeter in 
length and potential of the order of 300 volts, and 
a positive column having a voltage gradient of ap­
proximately 1,500 volts per centimeter. The cor­
responding discharge current is in the range of from 
10 to 30 ma. The total voltage of such a glow, 
about 400 volts, acted on by a transverse stream of 
air, was found to increase substantially with in­
creasing air velocity, throughout a range in speed 
as great as that ordinarily employed in wind tunnel 
studies. Moreover, this glow is responsive to tur­
bulence and gives results which are in excellent agree­
ment with those obtained with the hot wire. A de­
scription of these results and the essential apparatus 
yielding them, together with a criticism of the glow 
discharge method of analyzing turbulence, form the 
substance of this presentation. 
APPARATUS OF THE GLOW DISCHARGE ANEMOMETER 
A few exploratory experiments served definitely 
to establish the essential fact that a glow discharge 
is sensitive to air velocity. Moreover, these quali­
tative tests indicated practical limits for the length 
of the glow and magnitude of the discharge current, 
which, together with aerodynamical requirements 
as to size and disposition of the discharge electrodes 
specified the essential apparatus and the electrical 
quantities involved. 
A mounting of electrodes for practical work is 
shown in Fig. 1. The electrodes proper are silver-
soldered to the supporting rods which are kept at 
proper spacing by the screw clamping device and 
terminate in an insulating block. 
A more elaborate gap mounting employed to study 
the variation of glow voltage with length for several 
values of air velocity is indicated in Fig. 2. The 
illustration is self-explanatory, giving clearly the 
means of adjusting gap length as well as showing the 
section of glass rod which insulates one electrode 
from the rest of the assembly. The removable 
tapering tips which hold the electrode points make 
relatively simple a change of tip material. 
The electrical circuit found to be most desirable 
appears in Fig. 3. A transformer and rectifier tube 
SATURATED VACUUM TUBE 
Fig. 1 (left). Glow anemometer mount­
ing 
Fig. 3 (right). Electrical circuit of glow 
and measuring apparatus 
Fig. 2 (below). Glow anemometer with 
adjustable gap 
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Figs. 4 - 6 . Glow voltage-current relationships 
maintained the capacitor at a potential of approxi­
mately 5,000 volts. The glow discharge current 
was held constant by the saturated vacuum tube 
shown and was adjustable through filament current 
in a range of from zero to 50 ma. (This circuit is es­
sentially that employed by Phillips Thomas in his 
studies on the microphonic properties of a glow dis­
charge.1) The change in average voltage of the 
glow was measured with a microammeter having a 
series resistor of approximately 14 megohms and 
with a bucking circuit (not shown) set to give zero 
meter indication for the discharge operating in still 
air. Accordingly with the latter arrangement the 
increase in glow voltage produced by the air appears 
as a direct meter indication. An over-all calibra­
tion of this potential measuring circuit was effected 
by inserting in series with the glow voltage, by an 
obvious switching arrangement, a 45-volt battery 
which produced a meter deflection corresponding to 
this known increase in voltage. Such an arrange­
ment was desirable inasmuch as frequent adjust­
ment of the bucking circuit was necessitated by 
changes made in gap length or current. 
Measurement of^ average air velocity was made 
with a standard pitot tube and precision manometer 
developed at the Guggenheim aeronautics laboratory 
of the California Institute of Technology, and when 
less accuracy was required, with a commercial air 
speed meter. 
The foregoing equipment sufficed for an investi­
gation of glow voltage as a function of air velocity, 
gap length, and discharge current. The fluctuations 
in voltage induced by turbulence in the moving air 
stream were transmitted through a coupling circuit 
and amplifier to an oscillograph and root-mean-
square output meter. The coupling circuit, con­
sisting of a capacitor and potentiometer, conformed 
to these important conditions: sufficient impedance 
to permit rapid fluctuation of glow voltage; ade­
quate insulation in the capacitor to withstand the 
striking voltage of the gap and to prevent the 
running voltage of the glow from affecting the grid 
bias of the coupling tube; and appropriate shielding 
to minimize stray pick-up. The amplifier itself, 
following the coupling tube, was a commercial 2-
stage unit. The over-all amplification, from the 
glow discharge input to the output meter, was ad­
justed, through the addition of filter circuits, to give 
very closely a uniform frequency response from 50 
to 2,500 cycles. 
LIMITS OF GLOW CURRENT 
The limits for glow current are empirical: too low 
a value leads to a stringy type of spark discharge at 
high voltage; too high a value leads to excessive 
heating and burning of the cathode, rendering im­
possible any reproducibility in curves of gap voltage 
as a function of air velocity. Moreover, for a cer­
tain limited range of current values, the gap voltage 
is nearly independent of current—a happy circum­
stance which makes small fluctuations in emission 
current of the control tube insignificant. 
DETAILS OF GAP AND ELECTRODES 
The length of the discharge, or more precisely the 
length of the gap, since the former is indefinite due 
to spread of the cathode glow, is an important factor 
in this work as will be seen in the data to follow. 
Lengths ranging from 0.002 cm to 0.200 cm were 
tested and a useful range of from 0.010 cm to 0.025 
cm was employed for most of the work with turbu­
lent air flow. An extremely short gap is insensitive 
to air velocity while a long discharge is blown down­
stream into a bow shape having a greatly lengthened 
positive column with corresponding abnormally 
high voltage. Moreover, this ''blowing back" gives 
an unstable type of discharge, apparently in a tran­
sition state between the spark and the glow types of 
conduction, which "sings" at a high audible fre­
quency and therefore is worthless as a device for 
studying air velocity fluctuations. Accordingly, 
it will be noted that with the lengths of gap ordi­
narily employed, of the order of 0.015 cm, practically 
no positive column exists, only the characteristic 
cathode glows being visible. 
For the investigation of the effect, of discharge 
length, the adjustable gap, shown in Fig. 2, was 
used. The entire mounting with the exception of 
the cathode holder, was at anode or ground poten­
tial, while the cathode was insulated therefrom by a 
short length of glass rod rigidly gripped in metal 
ferrules. Various metals were used for electrodes: 
copper, brass, iron, steel, nichrome, nickel, silver, 
chromium, tungsten, platinum, and platinum-iri-
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dium. All electrodes were approximately 0.15 cm 
m diameter with ends ground conically at about 20 
deg taper. Of these various materials platinum, plati-
num-iridium, and tungsten were the most satis­
factory, giving the minimum of difficulty from de­
struction of the points. Platinum gave a more con­
sistently stable discharge as well as better reproduci­
bility in data than did tungsten and therefore was 
used for the bulk of the tests. 
In such a test device, the diameter of the elec­
trodes should be comparable to the dimension of 
the glow itself in order that velocity, as measured, 
be definitely that of the stream flow and not the true 
velocity modified by the presence of bulky electrodes. 
Hence, only small diameter material may be used 
for cathode and anode with consequent small sur­
face and cross section area for heat dissipation and 
conduction. Therefore, to minimize irregularities 
in behavior of the discharge due to heating of the 
electrodes a current value must be used which is as 
small as will give a satisfactory response of the gap 
over a particular velocity range. 
TESTS WITHOUT TURBULENCE INTRODUCED 
The first group of tests had as an object a study 
of the interdependence of glow voltage, glow current, 
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Fig. 7. Glow voltage as a 
(unction of gap length 
Current = 10 ma 
Air velocity = 0, 5, and 20 me­
ters per second 
Fig. 8. Change of glow 
voltage with air velocity 
Current = 14 ma 
gap length, and air velocity, the air flow being tur­
bulent to a negligible extent. The procedure was to 
measure glow voltage as a function of current for 
specific values of air velocity and particular settings 
of gap length. Typical results of these measure­
ments are given in Figs. 4, 5, and 6. Glow voltage 
is plotted against current, each figure being for a 
designated air velocity and each curve corresponding 
to the gap length indicated. In order to avoid con­
fusion only 3 gap settings are given. 
The nature of these curves is in accord with that 
of a normal glow discharge. The extremely short 
gap gives a glow voltage virtually independent of 
gap current, except for high air velocity. Indeed, 
one may say that the short glow is almost wholly a 
cathode phenomenon, and only when the discharge 
is effectively lengthened by the transverse air mo­
tion, does it exhibit the negative resistance quality 
so characteristic of the typical glow discharge. The 
longer gap, however, gives rise to a discharge having 
the familiar hyperbolic characteristic for all air ve­
locities including zero. Yet, considering all of the 
curves with a view to finding an optimum current 
value for air flow study, one sees that for the velocity 
range of these data 10 or 15 ma in the discharge gives 
an over-all minimum of voltage change due solely to 
current fluctuation. 
Choosing, then, a particular value of current to 
be maintained in the discharge, curves may be de­
rived from the preceding data which indicate the 
dependence of gap voltage on gap length, air velocity 
being an arbitrary parameter. Such curves, pre­
sented in Fig. 7, exhibit the essentially linear nature 
to be expected as the relationship between voltage 
and length of discharge, and suggest that the in­
crease in glow voltage with velocity is due largely to 
a lengthening of the discharge. 
Then, finally, from such data were obtained curves 
relating the essential quantities, voltage and air 
velocity. These curves, such as the one of Fig. 8 
could be made to have either increasing or decreasing 
slope with higher air speed, giving sensitivity in 
either the low or the high velocity range by suitable 
choice of gap length and current. 
These calibration curves indicate a voltage change 
of the order of volts per meter per second ve­
locity increment, a response which is ample for in­
vestigating turbulence of quite small magnitude. 
Indeed, the sensitivity of the glow to turbulence, as 
predicted by such data, is approximately 100 times 
as great as that of the hot wire anemometer, sub­
stantially simplifying the amplifier problem. Ac­
cordingly it remained to demonstrate that the glow 
discharge responds faithfully to turbulence and to 
that only. 
TESTS ON RESPONSE TO TURBULENCE 
That the glo\y really responds to turbulence was 
shown qualitatively in the wakes behind cylinders 
and flat plates where conditions are fairly well known 
from accepted theoretical and experimental aero­
dynamical research.3 5 Moreover, the oscillographic 
representation and the amplifier output meter read­
ings observed during any traverse of the air flow 
downstream from an obstruction, conformed beauti­
fully with results of similar tests made in air and 
other fluids by various means. The glow anemome­
ter gave no indication of turbulence in those por­
tions of the flow known to be steady, thus eliminating 
the possibility of microphonic response, but it re­
sponded unquestionably to the velocity fluctuations 
in regions of disturbed flow, bringing out, in addition 
Fig. 9 y. Turbulence behind cylinder for 2 air velocities 
Left, upper trace—9.9 meters per second velocity, frequency 
133 cycles. Right, upper trace—16.3 meters per second 
velocity, frequency 220 cycles 
Lower traces—50-cycle timing waves 
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to the usual random variations, the more or less 
regular sequence of vortices so characteristic of the 
wake behind a regular body. The oscillograms of 
Fig. 9 represent such a vortex sequence behind a 
cylinder for different air velocities, with a 50-cycle 
timing wave included to establish the frequency 
of the turbulence. These frequencies were found to 
agree with values computed from the vortex theory 
of von Karman3 which states that frequency is di­
rectly proportional to velocity and inversely pro­
portional to the diameter of the cylinder. The fac­
tor of proportionality is 0.18 for any consistent set of 
units.4 
Further confirmation of the response of the glow 
to turbulence came with simultaneous oscillograph 
records for hot wire and glow located at similar 
points in the 2-dimensional flow behind a cylinder. 
Fig. 10. Comparison be­
tween glow and compen­
sated hot wire systems (or 
measuring turbulence behind 
a cylinder 
Upper trace. Hot wire scheme 
Lower trace. G low discharge 
scheme 
V v ^ 
The oscillograms of Fig. 10 show clearly that the glow 
response is as nearly like that of the compensated 
hot wire as the instantaneous velocities at 2 points 
in a turbulent fluid would compare. Moreover, 
simultaneous quantitative measurements of turbu­
lence, root-mean-square velocity fluctuation divided 
by average air speed, gave good agreement between 
glow and hot wire methods. 
The calibration of the glow anemometer for quan­
titative measurements of turbulence was achieved in 
a relatively simple way. Either mean-square or 
root-mean-square velocity fluctuation is a convenient 
quantity for theoretical consideration of turbulence, 
and either is conveniently metered in the amplifier 
output. Accordingly, if at a certain average speed, 
turbulence produced a particular root-mean-square 
output current, that same value of current was later 
caused to flow by impressing an adjustable alternat­
ing voltage at approximately 500 cycles across the 
terminals of the glow discharge. For example, sup­
pose that 3 volts effective, 500 cycles, at the gap 
produced the same value of output current as the 
turbulence. A voltage fluctuation of 3 volts root-
mean-square therefore must have been caused by air 
speed variation. A portion of the curve of gap volt­
age against average air speed establishes the value of 
Ae 
the slope — at the test velocity—only 1 or 2 points 
on either side being necessary—and leads at once to a 
value of root-mean-square velocity fluctuation. In 
short, the calibration as used was of the over-all type 
in which all essential data were taken at the time of 
the turbulence measurements. 
DISCUSSION OF RESULTS 
The data which have been obtained with the 
glow anemometer demonstrate that such an electri­
cal discharge is sensitive to air velocity in both the 
steady and turbulent states. Moreover, for the 
study of air turbulence this electrical method has 
certain definite advantages over the hot wire scheme, 
notably in calibration and simplicity of amplifying 
equipment. Yet, the glow itself has one notably 
outstanding defect which, fortunately, is more of a 
nuisance than an evil. Any such electrical discharge 
will inevitably result in some slow loss of electrode 
material, through sputtering and chemical modifi­
cations in the presence of air. And, as a conse­
quence, a particular length of gap as used in this 
work will lengthen appreciably during the course of a 
run of 15 or 20 min duration, so that final data will 
not coincide with the original average calibration 
curve. Still, this difficulty is more apparent than 
real for 2 reasons. First, in turbulence studies made 
in the course of usual wind tunnel or other air flow 
work, ample opportunity exists for obtaining average 
voltage-speed data near the operating point at a 
time near enough to that of the turbulence measure­
ment to give the characteristic slope. And, second, 
the slopes of 2 calibration curves corresponding to 
slightly different gap lengths are, for the same aver­
age air speed, practically identical. Consequently 
this defect in the glow anemometer is not serious, it 
merely prescribes a technique of measurement. And, 
indeed, the hot wire, because of accidental adherence 
of dust particles or due to other surface charges, has 
been found to be erratic in calibration from day to 
day. 
One further critical comment on the glow ane­
mometer is pertinent. The thermal time lag of the 
hot wire is of first importance in turbulence investi­
gations. The glow, on the contrary, appears to 
have no lag in its response to air velocity change. 
The evidence which can be cited in support of this 
statement, however inadequate, must be considered 
in the absence of a satisfactory method of experi­
mental verification, as previously discussed. Noth­
ing in the mechanism of an atmospheric glow of the 
dimensions used could introduce a time lag signifi­
cant in the frequency range of turbulence, for ion 
mobilities are adequately high. 
Then, too, in the work which employed a glow as 
a microphone1 it was found that a flat frequency re­
sponse was approached as shorter gaps were em­
ployed, a fact which is significant when it is realized 
that for an anemometer a much shorter gap length 
was used than for a microphone. And, finally, the 
direct comparison of glow and compensated hot 
wire showed no indication of time lag in the glow 
discharge. 
In conclusion, it may thus be stated that a new 
and interesting property of the atmospheric glow 
discharge—the variation of voltage with air velocity 
—has been shown to exist and that this property 
may be utilized in an anemometer for the study of 
turbulent air flow. Such an anemometer, the 
author believes, is a useful adjunct to the hot wire 
equipment, and, because of the essential ruggedness 
of the glow mounting, may be incorporated in a 
wind tunnel for routine measurements, an opinion 
which was encouraged largely by the consistent 
interest shown in this work by Dr. Theodor von 
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Karman, director of the Guggenheim laboratory of 
aeronautics at the California Institute of Technology. 
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Distance Relay Action 
During Oscillations 
The behavior of distance relays during 
system oscillations is analyzed in this paper, 
and curves are presented (or determining 
whether the oscillations are likely to cause 
relay operation. Different types of dis­
tance relays are considered and general 
methods of analyzing system conditions 
are discussed. 
By 
E. H . BANCKER 
M E M B E R A . I . E . E . 
E. M . HUNTER 
A S S O C I A T E A . I . E . E . 
G e n e r a l Elec. Co . , 
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o , 'PERATING experience with direc­
tional distance relays has demonstrated their ability 
to clear short circuits rapidly and reliably. How­
ever, a few instances have been reported in which 
apparently a circuit breaker was opened when 
portions of the system were subjected to a power 
oscillation or lost synchronism because of a fault. 
Within recent years much study has been devoted 
to the effect of relay characteristics upon system 
stability and it now appears desirable to consider 
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the converse, namely, the effect of an unstable system 
upon the relays protecting the unfaulted portions. 
The term ' 'unstable'' is here used to denote any 
condition of operation during which the rotors of the 
connected synchronous apparatus do not maintain 
a substantially constant angular relationship with 
each other. Under this classification there can be 
2 kinds of instability; (1) one is a continuous, uni­
directional angular departure of one or more rotors 
with respect to the others which results in loss of 
synchronism, slip, or out-of-step operation; (2) the 
other is a fluctuating change of relative rotor posi­
tions, termed oscillating, swinging, or surging, which 
eventually will damp down to a condition of stable 
equilibrium. 
There is some diversity of opinion as to whether 
or not distance relays should open any circuit break­
ers during out-of-step operation, some engineers 
believing that the essential separation should be 
performed manually or automatically at a pre­
determined point in conformity with the load condi­
tions, and others caring little where it occurs, pro­
vided no load is left without a source of power. 
On the other hand, opinion is nearly unanimous 
in preferring that under oscillating conditions no 
circuit breaker shall be opened by any protective 
relay. Since such an eventuality is within the 
bounds of possibility, this paper is presented to 
point out the procedure to be followed in determining 
whether distance relays in a particular location are 
in any danger of tripping unnecessarily during 
swings. Methods of avoiding such false operation 
are presented which may be used should a study 
show a need for remedial measures. 
TYPES OF RELAYS AND THEIR CHARACTERISTICS 
Two general types of directional distance relays 
are available, one using line reactance and the other 
line impedance as the measure of the distance to the 
point of fault. Both types have 3 distinct elements: 
(1) a directional unit; (2) an ohm unit or units con­
sisting, in the reactance relay, of one or more re­
actance measuring devices, and in the impedance 
relay of several impedance measuring devices corre­
sponding to the number of steps in the relay; and 
(3) a timing unit. In the impedance relay the indi­
cated line impedance is obtained by comparing the 
magnitude of the voltage with that of the current. 
In the reactance relay the comparison is made 
between the current and the inductive component 
of the voltage. 
Both types of these relays have a "step character­
istic'' giving definite operating times for different 
fault locations, as shown in Fig. 1. A fault in zone 1 
(often called instantaneous zone), which covers 
approximately 80 per cent of the line distance to 
relay station 2, is cleared in minimum time. A fault 
in zone 2, which covers the last 20 per cent of the 
line to relay station 2 and something less than 80 
per cent of the line distance to station 3, is cleared 
in intermediate time, and a fault in zone 3 is cleared 
in back-up time (so called because no relay should 
ever operate in this time unless some other device 
has failed to operate correctly). In considering 
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